Introduction
Evacuated tube collectors (ETCs) consist of glass vacuum-sealed tubes with the absorber surface located in the inner glass tube having different shapes. ETCs may be subdivided in two types: 'direct flow through ' (or 'water-in-glass') and 'heat pipe'. Direct flow through ETCs consist of a set of glass tubes connected to a tank or shell. A larger diameter glass tube is used to surround each tube with the annular space between the tubes evacuated to reduce heat losses. The heat transfer liquid is heated as it circulates in the tubes (Zambolin and Del Col, 2010, Morrison et al., 2004) .
A heat pipe (HP) consists of tubes of high thermal conductance which are sealed and contain a small amount of working fluid. The heat is transferred as latent heat energy by evaporating the working fluid in a heating zone and condensing the vapour in a cooling zone, the circulation is completed by return flow of the condensate to the heating zone through the capillary structure which lines the inner wall of the container (Dunn and Reay, 1982, Faghri, 1995) . The tubes are mounted with the metal tips projecting into a heat exchanger (manifold) containing flowing water or water/glycol. Heat is transferred into the manifold and through circulation pipework to be used in heating and/or hot water applications.
A heat pipe evacuated tube collector (HP-ETC) consists of a heat pipe inside a vacuum-sealed tube. The vacuum envelope reduces convection and conduction losses, so the collectors can operate at higher temperatures than flat plate collectors (FPCs). Like FPCs, HP-ETCs collect both direct and diffuse radiation. They have higher efficiency at low incidence angles giving them an advantage over FPC in day-long performance (Kalogirou, 2004) . Typically heat-absorbing fins are attached to the tubes to maximise thermal gains.
The main difference in thermal performance between a HP-ETC and conventional HP technologies lies in the heat transfer processes from the absorber tube wall to the energy transporting fluid. In the HP-ETC the processes involved are evaporation, condensation and convection, whereas for conventional HP solar collectors, heat transfer occurs only in the absorber plate. Solar collectors with HPs have lower thermal masses, resulting in a faster response times (Riffat et al., 2005) .
HPs operate like a thermal diode, i.e., with unidirectional heat flow. This minimizes heat loss from the transporting fluid when incident radiation is low. Furthermore, when the maximum design temperature of the collector is reached, additional heat transfer can be prevented. This prevents over-heating of the circulating fluid, a common problem in many solar collector systems (de Vries et al., 1980) . The use of HP-ETCs in solar water heating systems (SWHSs) is increasing worldwide because of their high thermal efficiencies and operating water temperatures when compared to flat plate collectors (FPCs). However, the on-site thermal performance of SWHSs with evacuated tube collectors has not been well evaluated and is therefore not well known to users (Chow et al., 2011) .
Few researchers have evaluated the thermal performance of SWHSs with ETCs both experimentally and theoretically. Houri et al. (2013) measured the energy produced from a thermosyphon SWHS with an evacuated tube collector in an inhabited domestic dwelling in Lebanon. Redpath (2012) evaluated the performance of three proprietary thermosyphon heat-pipe evacuated tubes solar water heaters using hot water heating loads of three domestic dwelling types in a northern maritime climate. Hayek et al. (2011) carried out an experimental investigation of the performance of two forced circulation SWHSs with waterin-glass and HP-ETC under Eastern Mediterranean climatic conditions. Chow et al. (2011) evaluated the year round thermal performance of a single-phase open thermosyphon and two-phase closed thermosyphon SWHSs with ETCs for domestic hot water applications under Hong Kong weather conditions. Zambolin and Del Col (2010) carried out a comparative performance analysis of the thermal performance of flat plate and evacuated tube collectors in stationary standard and daily conditions in Padova, Italy.
Building Research Establishment (2009) evaluated the performance of a solar water heating system in Cambridgeshire, UK which had a flat plate solar panel (Clearline V30) manufactured by Viridan Solar, UK. The test rig included an automated system that incorporated the effects of the auxiliary heating system (boiler or immersion heater) and daily hot water use of the average European household described by the EU reference tapping cycle (EU M324EN) equivalent to 100 litres at 60°C. Their results showed that over a year, the 3 m 2 solar panel generated 5,266 MJ of heat accounting for 57% of the hot water requirement.
The above mentioned studies except that by Building Research Establishment (with a flat plate collector) were either carried out on thermosyphon SWHSs or forced circulation systems in locations with climatic conditions different from those typical of northern European countries. Also the papers do not present information on the detailed performance of the individual components of the SWHSs. As a result they do not provide information on how the solar fluid flow rate, water temperature inside the hot water tank, and energy collection vary under different weather conditions. This paper therefore presents results of the analysis of the thermal performance of a SWHS with 3 m 2 HP-ETC using data from a field trial in Dublin, Ireland. The SWHS is typical of systems installed in average sized single domestic dwellings in Ireland with 4-6 inhabitants.
An automated system was developed and incorporated to control hot water draw-offs to mimic the demand for hot water in domestic dwellings. An electric immersion heater was incorporated to provide 'top-up' energy when insufficient solar radiation was available, as is typical in Ireland and the UK. The data collected were used to evaluate energy performance indices notably: system component temperatures, collector energy outputs; energy delivered to the hot water tank; collector and system efficiencies; pipework heat loss; and solar fraction on daily, monthly and yearly basis.
Methodology
A forced circulation SWHS with 3 m 2 HP-ETC was installed on a flat rooftop in the Focas Institute, Dublin, Ireland (latitude 53° 20' N and longitude 6° 15') and its thermal performance was monitored over a one year period. The SWHS had a 300 litre hot water tank equipped with an electrical auxiliary immersion heater which was used to top up the tank temperature to 60 o C in the morning and evening whenever the solar coil fell short of doing so. An automated hot water draw off system was developed to mimic domestic hot water use (volumetric flow rates are shown in Fig. 1 ). System performance data were collected every minute. . The stainless steel hot water tank (model HM 300L D/coil U44332) was 1,680 mm high with a diameter of 580 mm and an operating pressure of 3 bar. The tank was equipped with an electric immersion heater of 2.75/3.0 kW capacity located at the middle of the tank.
The tank had a heating coil with surface area of 1.4 m 2 and a rating of 21 kW.
The hot water demand profile employed was the EU reference tapping cycle number 3 (see Fig. 1 ), equivalent to a daily energy output of 42.1 MJ representing 199.8 litres of water at 60 o C. It is based on hot water use of the average European household described in the European Union mandate for the elaboration and adoption of measurement standards for household appliances EU M324EN (European Commission, 2002 ).
An automated hot water dispensing unit was designed and incorporated into the SWHS to draw-off water from the hot water tank in such a way as to mimic real life operation by households. The unit includes a programmable logic controller (PLC), contactors, relays, electrical fittings, solenoid valve, thermostat and impulse flow meters. A software program was written to control the auxiliary heating system as well as opening and shutting the solenoid valves. Fig. 3 shows a flow chart of the daily operation of the PLC. The PLC turned on the immersion heater at the middle of the hot water tank between 5-8 am and 6-9 pm daily just before the two peak hot water draw-offs to ensure that hot water was available when
needed. An analogue thermostat placed at the top of the hot water tank was set to turn off the electricity supply to the immersion heater when the temperature of the water at the top of the tank exceeded 60 o C. Hot water was dispensed using a solenoid valve that was opened and closed using signals from the PLC. A pulse flow meter (1 pulse per litre) installed at the end of the solenoid valve was used to count the number of litres of water extracted from the hot water tank. The solenoid valve was closed when the required volume of water was dispensed based on the water demand profile (see Fig. 1 ). 
Data measurement and logging
The 
Energy performance analysis
The energy performance indices evaluated in this study include: energy collected, energy delivered and supply pipe losses, solar fraction, collector efficiency and system efficiency.
Energy collected
The useful energy collected by the solar energy collector is given as (Kalogirou, 2009) :
Energy delivered and supply pipe losses
The useful energy delivered by the solar coil to the hot water tank is given as
Supply pipe losses were due to the temperature drop as the solar fluid flowed between the collector outlet and the solar coil inlet to the hot water tank. These losses were calculated as:
Solar fraction
The solar fraction (SF) is the ratio of solar heat yield to the total energy requirement for water heating and is given as 
Collector efficiency
The collector efficiency was calculated as (Sukhatme, 1998, Duffie and Beckman, 2006) :
System efficiency
The system efficiency was calculated as (Sukhatme, 1998, Duffie and Beckman, 2006) : The immersion heater at the middle of the tank was programmed to switch on between 5-8 am and 6-9 pm daily. An analogue thermostat installed at the top of the tank was used to maintain the water temperature around 60 o C. This ensured that hot water was available in the tank when needed to satisfy the largest hot water demands at 7:05 am, 8:05 am, 8:30 pm and 9:00 pm as shown in Fig. 1 . The timing was such that there was always enough cold water at the bottom of the hot water tank to be heated by the solar coil during 0 10 20 30 40 50 60 70 00:00 04:00 08:00 12:00 16:00 20:00 00:00 04:00 08:00 12:00 16:00 20:00 00:00 04:00 08:00 12:00 16:00 20:00
Temperature ( o C) Fig. 10 shows variation of the solar fluid mass flow rate during the three days. On the heavily overcast day the pump cycled on and off regularly to a peak of 0.167 kgs -1 but ran mostly at 0.047 kgs -1 . During the clear sky day the pump operated at four different flow rates 0.047, 0.062, 0.092 and 0.167 kgs -1 . The flow rate during solar noon was 0.092 kgs -1 .
Time of day
During the intermittent cloud covered sky day the pump ran at three different flow rates 0.047, 0.062 and 0.167 kgs -1 . Table 1 shows the percentage of time the SWHS pump operated at different flow rates. Fig. 15 . Monthly average daily collector and system efficiencies.
Conclusions
The year-round energy performance analysis of a commonly installed SWHS with HP-ETC in a temperate climate was carried out using a field trial installation in Dublin, Ireland.
The SWHS was designed and operated to mimic real life operation taking into consideration interaction between the HP-ETC, storage tank and users. An immersion heater was used to supply auxiliary energy when the solar coil was unable to raise the tank water temperature to the required temperature.
Results showed that for an annual global solar insolation on the collector surface of 11,760.3 MJ, a total of 7,435.1 MJ was collected while 6,121.1 MJ was delivered to the hot water tank. For 11,973.3 MJ of auxiliary energy supplied to meet the total hot water demand of 18,100.4 MJ, the annual solar fraction was 33.8%. Annual average daily energy climates. This shows that HP-ETCs are more efficient than their flat plate counterparts when operating as components of a solar water heating system.
Nomenclature
A c collector area (m 2 ) C p specific heat capacity of solar fluid (Jkg -1 K -1 ) G t total global solar radiation on the collector's surface (Wm -2 ) m  solar fluid mass flow rate (kgs -1 ) Q aux auxiliary heating requirement (MJ) Q c useful heat collected (J) Q d useful heat delivered (J) Q l supply pipe heat loss (J) Q s solar yield (MJ) SF solar fraction (%) η c collector efficiency (%) η s system efficiency (%)
